The ability to measure pressure changes inside different components of a living cell is important because it offers an alternative way to study fundamental processes that involve cell deformation 1 . Most current techniques such as pipette aspiration 2 , optical interferometry 3 , or external pressure probes 4 use either indirect measurement methods or approaches that can damage the cell membrane. Here we show that a silicon chip small enough to be internalized into a living cell can be used to detect pressure changes inside the cell. The chip, which consists of two membranes separated by a vacuum gap constituting a Fabry-Pérot resonator, detects pressure changes that can be quantified through the intensity of the reflected light. Using this chip, we show that extracellular hydrostatic pressure is transmitted into HeLa cells and that these cells can endure hypoosmotic stress without significantly increasing their intracellular hydrostatic pressure.
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Scientific interest in the intersection of micro-and nanotechnologies with biology is focused on providing new tools to study fundamental questions in cell biology 5, 6, 7 .
Fabrication based on these techniques offers the potential to develop integrated devices with nanosized moving parts 8 and allows for new opportunities for mechanical analysis of cells 1, 9, 10 . However, their use has been focused on extracellular or invasive techniques 11 . Conversely, micro-and nanoparticles can be internalized inside living cells and have been used in numerous studies in cell biology. In addition, silicon-based particles have revealed their superiority in biological imaging and drug delivery because of their inherent biocompatibility 12, 13 . Recently, we demonstrated a fabrication technique based on semiconductor technologies of silicon microparticles for single-cell labelling 14, 15 . Using chemical functionalisation, we also proved that they could react with the intracellular medium 16 .
Existing techniques for the indirect measuring of intracellular pressure include methods which induce a large deformation of the cell by aspiration 2 , or methods which detect cell-volume variations 1, 3 . Conversely, the servo-null technique allows for a direct measurement by inserting a micropipette as a pressure probe 4 ; however, the cell membrane is mechanically damaged. Thus, the measurement of extracellular loads transmitted inside the cell, and particularly to a subcellular component, has not been directly demonstrated. The cell is a highly complex and practically unexplored mechanical system where the membranes, the cytoskeleton and the extracellular matrix provide its structural integrity.
Here, we fabricated a nanomechanical chip which can be internalized to detect intracellular pressure changes in living cells and allows an interrogation method based on confocal laser scanning microscopy (CLSM).
The design consisted of a mechanical sensor (Fig. 1a) defined by two membranes separated by a vacuum gap and an optical reference area. The membranes acted as parallel reflecting mirrors constituting a Fabry-Pérot resonator that is partially transparent for some wavelengths 17 . External pressure, P, deflected the membranes and changed the gap, t gap (Fig. 1b) . Hence, the intensity of the reflected light at the centre of the membranes, I r_Centre , for a given wavelength, λ, is modulated by the P. The reference area is used for focusing purposes. Briefly, the sensing principle is based on the acquisition of images for a given λ and the quantification of the I r_Centre .
The fabrication processes included the deposition of three structural and three sacrificial layers, poly-silicon and silicon oxide, respectively ( Fig. 1c and Supplementary Fig. 1 ).
Polycrystalline silicon was selected as the structural material because of its elastic behaviour and high reliability 18 . The lateral dimensions of the mechanical membranes were fixed to 3 µm x 3 µm (Fig. 1d ). Analytical and simulated analyses showed that a mechanical deformation was highly dependent on the membrane thickness and the linear response versus P ( Fig. 1e and Supplementary Fig. 2 ). Thus, we selected 50-nm thick membranes to achieve a theoretical mechanical sensitivity of 5.5 nm/bar. The high refraction index of poly-silicon provides a spectral selectivity of the structure and, subsequently, a high sensitivity to P. Theoretically, the optical reflection of the structure (Fig. 1f) showed a resonance valley that was a function of t gap and λ (Fig. 1g, h ). Thus, P shifted the reflection curve towards smaller values (~2 x Δt gap ); for λ fixed high variations of the reflection could be obtained. Finally, t gap ~300 nm was selected upon considering the high optical sensitivity and cell internalization capabilities.
The fabricated devices were validated using a bright-field optical microscope (BFOM).
The experiment showed a minimum reflection for λ ~ 570 nm (Fig. 2a) . Fixed λ, the I r_Centre increased versus P for a λ > 580 nm, and it decreased for a λ < 560 nm. CLSM images with superior resolution allowed to develop an image-processing algorithm to detect the pressure loads based on a quantification of the mean intensities of three regions of interest ( Supplementary Figs. 3, 4 and 5). External pressure was applied from 0 to 1 bar and from 1 to 0 bar. The I r_Sensor noticeably decreased by the 514-nm and increased by the 594-nm laser wavelengths (Fig. 2b) .
To test the sensor inside living cells, we took advantage of our previous experience of internalizing silicon microparticles inside HeLa cells by lipofection 16 . Sensors were easily localised by optical light microscopy because of the higher reflectivity of polysilicon, while CLSM showed the specific location of the chip in the cytoplasm (Fig. 3a Fig. 10 ). Figure 4c results demonstrated the capability of detecting pressure fluctuations inside a cell. The reflection from the sensor depends on the optical properties of the surrounding media, however the position of the resonance is almost invariant ( Supplementary Fig. 11 ). We also observed that the I r_Sensor was reversible, which showed that the pressure inside the vacuole followed the extracellular pressure changes. This result discarded possible cross-sensitivities ( Supplementary Figs. 4 and 12 ).
We then analysed the effect of the exposure of HeLa cells to an osmotic shock (1/10 water dilution of the standard cell medium). A new batch of chips was fabricated for this study showing a minimum reflection of the spectrum at 490 nm. The induced osmotic pressure predicted by van´t Hoff´s law is expected to produce a hydrostatic pressure of ~7 bars inside the cell. Thus, the predicted osmotic shock pressure should shift ~42 nm the Fabry-Pérot resonator minimum reflection. Chips located both in a subcellular compartment (vacuole) (Supplementary Fig. 13 ) and in the cytosol of HeLa cells showed that reflection profiles of chips inside cells before and after the osmotic shock were practically the same ( Supplementary Fig. 14) . The extrapolated wavelength for the minimum reflection was very similar in all the cases (Fig. 4d) . We could infer that the pressure change inside the cell should be below few hundreds millibars. Thus, ANOVA and Bonferroni test were used to compare intra-group data (chip inside cell or chip in air data sets). On the other hand, χ 2 test was used to compare pressure data from calibration chips in air versus chips inside cells.
Extrapolate λ for minimum reflection. λ for the minimum reflection (Fig. 4d) were extrapolated from data (Supplementary Figure 14) by adjusting the mean intensities for the 5 selected-lasers to a second order polynomial. The minimum corresponded to the λ where the first derivative of the function was zero. 
